Purpose. To compare outcomes of 3 fixation modalities for scaphoid non-union. Methods. 27 men and 6 women aged 20 to 48 (mean, 28) years with non-union of the scaphoid involving the proximal pole (n=13), waist (n=12), and distal pole (n=8) were randomised to undergo the Herbert screw fixation (n=11), the Matti Russe bone grafting (n=9), or the Kohlman modification of vascularised muscle pedicle graft procedure (n=13). The mean duration of non-union was 10 (range, 6-30) months. Results. The mean follow-up duration was 28 months. 30 of 33 achieved correction of both scapholunate and radiolunate angles. The mean range of motion increased from 112º to 155º. The mean grip strength increased by 30%. Functional outcomes of the 3 groups were comparable; they were excellent in 13 patients, good in 10, fair in 6, and poor in 4. There was no hardware failure or any iatrogenic fracture during pedicle dissection. One patient had a superficial infection, which was resolved after antibiotic treatment. At the 6-month follow-up, in the respective 3 groups, 8, 6 and 11 patients achieved scaphoid union after mean intervals of 17, 16, and 15 weeks. Conclusion. The time to union was earliest in the Kohlman modification of vascularised muscle pedicle graft procedure, which is recommended for patients with old non-union (>1 year) or proximal pole fractures.
INTRODUCTION
Five to 10% of scaphoid fractures treated nonoperatively may not achieve union, [1] [2] [3] and progress to carpal collapse and eventually to radiocarpal osteoarthritis. 1 Surgical fixations for scaphoid nonunion have success rates of 70 to 90%. 4, 5 The use of Russe inlay bone grafting or iliac crest bone grafting with screw fixation results in a success rate of 90%. 6 Non-union is more common in proximal pole fractures, because of compromised vascularity, 4, 5, 7, 8 and conventional bone grafting may fail when it is completely avascular and there is evidence of necrotic bone and no bleeding. 7, 8 Vascularised bone grafting may introduce a source of angiogenic and osteogenic factors to the non-union site. 6, 7 Vascularised pedicled bone grafts have been used in non-union of the anterior aspect of the wrist and forearm, the pronator quadratus, 9, 10 and the scaphoid. 11 Other salvage procedures include radial styloidectomy with partial scaphoid excision and/or posterior and anterior interosseous neurectomy. More complex procedures include limited intercarpal fusion, proximal row carpectomy, scaphoid excision and 4-corner fusion, and total wrist fusion. 12 We compared outcomes of 3 fixation modalities for scaphoid non-union.
MATERIALS AND METHODS
Between 2002 and 2008, 27 men and 6 women aged 20 to 48 (mean, 28) years with non-union of the scaphoid involving the proximal pole (n=13), waist (n=12), and distal pole (n=8) were randomised to undergo the Herbert screw fixation (n=11), the Matti Russe bone grafting (n=9), or the Kohlman modification of vascularised muscle pedicle graft procedure (n=13) under general (n=19) or regional (n=14) anaesthesia ( Fig. 1 ). Informed consent of each patient was obtained. The study was approved by the local ethics committee of the Bangalore Medical College and Research Institute.
The mean duration of non-union was 10 (range, 6-30) months. In 21 patients the right hand was involved, and in 4 the trauma had ensued more than one year earlier. The mean range of motion was 112º (80º less than the normal hand). The most affected movements were radial deviation and dorsiflexion. The arc of movements was decreased by 30%, and the grip strength by 55%. All cases were classified as D1 based on the Herbert classification.
Anteroposterior, lateral, and 30º ulnar deviation radiographs were taken. Scapholunate and radiolunate angles were measured. In 30 patients the radiolunate angles were >15º; in 31 the scapholunate angles were >45º.
For the Herbert screw fixation, a volar incision was made along the flexor carpi radialis tendon extending along the wrist crease radially over the scaphotrapezoid joint. The palmar capsule was opened, and the radiolunate and radioscaphocapitate ligaments dissected. The fracture fragments were reduced and the Herbert screw was inserted in a distal to proximal direction.
For the Matti Russe procedure (Fig. 2 ), a volar incision was made lateral to the flexor carpi radialis protecting superficial branches of the radial nerve. The fracture site was exposed and a cavity extending to adjacent fragments was created. Cancellous bone chips were taken from the iliac crest. A lozengeshaped peg was fit into the trough and packed with bone chips and then transfixed with Kirschner wires. For the Kohlmann vascularised muscle pedicle grafting ( Fig. 3 ), 11 a volar incision was made over the scaphoid and distal radius. Sclerotic bone was excised, and an oval trough of 15 to 20 mm was made parallel to the axis of scaphoid. The pronator quadratus was dissected off the radius subperiosteally with the bone and its volar carpal artery along the distal margin. The pedicle was freed (4-5 cm); the graft (20-mm long and 15-mm thick) was then snugly fitted into the fossa after traction and transfixed with Kirschner wires.
Postoperatively, the wrist was immobilised in a thumb spica cast for 6 weeks. Kirschner wires were then removed, and wrist mobilisation initiated. Patient outcomes were assessed using the modified scaphoid outcome scoring system (Table 1) .
RESULTS
The mean follow-up duration was 28 months. 30 of 33 patients achieved correction of both scapholunate and radiolunate angles. The mean range of motion increased from 112º to 155º, and the mean grip strength by 30%. Functional outcomes of the 3 groups were comparable; they were excellent in 13 patients, good in 10, fair in 6, and poor in 4. There was no hardware failure and no iatrogenic fracture ensued during pedicle dissection. One patient had a superficial infection, which was resolved after antibiotic treatment.
At the 6-month follow-up, respectively in the Herbert screw fixation, Matti Russe bone grafting, and Kohlman modification of vascularised muscle pedicle graft procedure, 8, 6 and 11 patients had achieved scaphoid union after mean intervals of 17, 16, and 15 weeks ( Table 2) , whereas 3, 3, and 2 patients had persistent non-union.
Of the 3 patients with persistent non-union after Herbert screw fixation, one underwent excision for a small fragment in the distal pole. The other 2 had proximal pole non-union. One of them underwent revision with the vascularised pedicle graft procedure and achieved union after 15 weeks. The other declined further surgical intervention citing improvement in pain.
Of the 3 patients with persistent non-union after Matti Russe bone grafting, one underwent wrist arthrodesis secondary to infection. The other 2 underwent the vascularised pedicle graft procedure, one of which failed.
Of the 2 patients with persistent non-union after Kohlman modification of vascularised muscle pedicle graft procedure, one underwent excision of a fragment in the proximal pole and the other underwent proximal row carpectomy of the waist of the scaphoid. 
DISCUSSION
In an early study of Herbert screw fixation, all 13 non-union cases failed to achieve union without bone grafting. 13 Accurate placement of the Herbert screw using a free-hand technique is challenging; flexing the wrist and using the axis of the thumb as a guide may prevent malposition of the implant. However, fluoroscopic confirmation of placement of the guidewire is not possible, because the wrist is flexed. When Herbert-screw fixation is combined with bone grafting, 25 of 26 patients with scaphoid non-union achieved union. 14 Nonetheless, the follow-up period was short, and the definition of union was trabeculation over the fracture line on 2 of 4 radiographs. 14 In a study of 33 scaphoid non-union treated with Herbert screws, bone grafting or both, 15 after a mean follow-up period of 14 months, the mean palmar flexion, dorsiflexion, radial deviation, and ulnar deviation were 8º, 61º, 20º, and 35º, respectively, and the grip strength was equal to that of the uninjured hand.
The Russe inlay bone grafting procedure is a reliable treatment for symptomatic non-union of the scaphoid. 16 The volar approach minimises damage to the blood supply and facilitates correction of any flexion deformity. Union rates have been reported to be 20/22, 16 21/26 (in 7 to 18 years), 17 147/151 (in one to 10 years), 18 and 38/44 (in 12 to 163 months). 19 Vascularised bone grafts can preserve the normal anatomy of the carpus, which maximises anatomic motion and decreases the risk of degenerative change and collapse. The grafts can be obtained through one incision, and thus morbidity is minimal. The volar carpal artery originates from the radial artery at the level of radial styloid and runs along the volar aspect of the radius following the distal edge of the pronator quadratus and then forms a T-shaped anastomosis. Location of this branch is consistent and visible during dissection.
In a study of 11 patients with longstanding (5 months to 11 years) symptomatic scaphoid nonunion, 6 5 patients had undiagnosed fractures and 5 had failed previous Matti Russe bone grafting. The vascularised bone graft was obtained from the radial aspect of the distal radius, and the vascular pedicle was based on the recurrent branch of the radial artery. Union was achieved in all 11 patients in 5 to 8 weeks. In a series of 8 symptomatic non-union persisting for 4 months to 12 years, 11 union was achieved in all patients within 7 to 10 weeks, but the criteria for union and details of preoperative evaluation of avascularity were not included. In a study of 17 patients (10 had failed previous operations) managed with a vascularised bone graft with a pedicle from the volar carpal artery and a mean follow-up duration of 16 (range, 12-36) months, 20 union was achieved in all 17 patients in a mean of 60 (range, 45-90) days. The use of a small muscular pedicle ensured continuity of the feeding vascular bundle. 
